It is shown that the new Brans-Dicke wormhole solutions found recently by He and Kim [Phys.Rev. D65, 084022 (2002)] follow as special cases of more general classes of solutions and in that sense are not really new. But their analyses of the solutions are correct and useful. It is also shown that the massless limit describes a ω → ∞ traversable Lorentzian wormhole in Einstein's general relativity with a nonvanishing stress tensor exemplifying in the simplest way Wheeler's concept of "mass without mass". PACS number(s): 04.20.Gz, 04.50.+h
There has been a revival of interest in the Brans-Dicke theory (BDT) in recent times, particularly in the context of traversable Lorentzian wormholes. Now a days, BDT is no longer regarded merely as a Machian competitor to Einstein's General Relativity Theory (EGRT) but a little more. There are several reasons. The principal reason is of course that BDT describes weak field tests of gravity reasonably well. Another reason comes from the string theory. It is known that the vacuum low energy limit of the string theory in four dimensions and the Jordan frame (JF) version of the vacuum BDT (the original version of 1961) with the coupling parameter ω = −1, both lead to a common theory in the Einstein frame (EF) described by the Einstein-Hilbert action with a Lagrangian in which the scalar field couples minimally to the gravitational sector. Although, arguably, it is not yet decisively settled which frame, JF or EF, is more physical, it must be conceded that both the versions have their own merits in terms of certain symmetry properties. It is therefore natural to find in the literature investigations of physical problems carried out in either of the frames. For instance, it has been shown that, in both the frames, the BD scalar field φ plays the role of exotic matter required for the construction of traversable Lorentzian wormholes [1] .
In a recent paper, He and Kim [2] claimed to have found two new classes of solutions of BDT in the JF which represent massive Lorentzian traversable wormholes. While their analyses and conclusions are correct and useful, the solutions they claim to be new are really not so. The main purpose of this Brief Report is to demonstrate this. The zero mass limit is also investigated and it turns out that this represents a ω → ∞ traversable wormhole in EGRT with a nonvanishing stress tensor (even though φ =constant). This is in contrast to our traditional expectation of a resulting vacuum EGRT solution.
We start from the BD action given by (we take units G = c = 1):
in which S matter represents the nongravitational part of the action which is independent of the scalar field φ. With Refs. [1, 2] , we consider only the pure gravitational part of the action and set S matter = 0. Under a conformal transformation, with a constant parameter ξ,g
the Lagrangian density becomes
Under a further redefinition of the scalar field
the Lagrangian density simply becomes
Therefore the vacuum BD action (1) is invariant under the transformations (2) and (4). There has been several discussions centering around this invariance, For instance, Faraoni [3] has shown that the transformations (2) and (4) that map (g µν , φ) → g µν ,φ constitute a one-parameter Abelian group with a singularity in the parameter dependence at ξ = 1/2. He used this invariance to show that the ω → ∞ limit of the JFBDT does not lead to vacuum EGRT, when the matter stress energy (other than that of φ) is traceless.
(However, for a critique of his arguments, see Ref. [4] ). Cho [5] called the above conformal invariance as indicating an inherent ambiguity of the vacuum BD action and he argued that the only way to resolve this ambiguity is to specify how the physical metric couples to matter field. On the other hand, if one includes matter field in the JF action (1), one ends up with "abnormal" coupling with it in the EF action so that the principle of equivalence is violated by the motion of ordinary matter. This violation is of no concern as there are important gains: The so called ambiguity is removed and that the gravitational interaction is described by spin-two massless graviton. Nevertheless, given that there is as yet no consensus as to which frame, JF or EF, is more physical, it is perfectly legitimate to work with the vacuum JFBD action and just call ξ the "gauge" parameter [4] . Recall that the theory is Machian, that is to say, it is based on a philosophy different from that of EGRT. As is well known, the theory explains all the weak field tests of EGRT. There is moreover a parallelism between all the physical results that follow from the two theories [1, 6] . This point is further buttressed by our result that the zero mass wormhole solution exists in JFBDT having a behavior that exactly mirrors the behavior of a similar solution in EFBDT.
Let us return to the main topic of the paper and consider the vacuum action (1). We introduce the parameter ξ into the class I solution of BDT [6] described by the action (1). The general solution then looks like, using (2) and (4),
where e α(r) = e 
where the constants λ, C are still connected by
and the gauge parameter ξ does not appear here, as expected. The arbitrary constants α 0 = 0, β 0 = 0 are determined by asymptotic flatness. Now choose the gauge and redefine the constant λ such that
Then the metric and the scalar function (8)- (10) 
Using the Eqs.(12) and (6), the identity (11) can be rewritten as
This is exactly the solution that He and Kim [2] obtained by solving the complete set of BD field equations. Similarly, consider the class II BD solution with the gauge ξ,
One can choose the gauge, again of the same form,
= C ′ to find that the resulting solution precisely coincides with the other solution of He and Kim. Thus the authors essentially deal with the general form of class I and II solutions but only in a specific gauge. They are not new BD solutions. However, it must be conceded that they explored other features of the wormholes, not considered in Ref. [1] in the gauge ξ = 0. It should be noted in passing that, under the identifications
the solution set (8)- (11) has exactly the same form as the original BD solutions [6] with ξ = 0. One can also obtain the He-Kim solutions (13)-(16) from the solution with ξ = 0 simply by letting C, λ → ∞ such that (C/λ) → C ′ . This is obviously equivalent to choosing the gauge ξ = −1/C in Eqs.(21) so thatC,λ → ∞, but (C/λ) = C ′ , in virtue of Eq.(12). Similar considerations apply for the solution set (17)- (20) and we need not discuss it here. This concludes the main purpose of the paper.
Let us consider the solution (13)-(16) with C ′ = 0 which corresponds toω → ∞. The solution has the form
The coordinate throat radii of this wormhole occur at r ± 0 = ±iB. To make them real, we choose the constant to be imaginary such that
, it is possible to cast the metric (22) in the proper distance language as:
A simple calculation will reveal that, at the throat, the density ρ and the Ricci scalar R of the wormhole are given, respectively, by
Integrating the Einstein stress energy complex, one finds that the total mass for the solution (24) is zero, as observed by asymptotic observers. The tension at the throat τ 0 is proportional to q −2 and can be made small by choosing a large q so that a safe passage for test particles is ensured. Therefore, putting all the information together, the metric (22) represents a massless traversable Lorentzian wormhole with the minimum surface area given by 4πq 2 occurring at l = 0. An observer situated on the surfaces of constant l can use Gauss's theorem to measure a flux of amount 4π |q| that is independent of l. He/she will then conclude that there is a source located at l < q. But there is really no source as φ is constant, although the fluxes originate at l = −∞, pass the throat at l = 0 and reach l = +∞. Since there is no scalar charge involved (φ = φ 0 ), we can regard the solution as exemplifying Wheeler's idea of "mass without mass" [7] in the vacuum JFBDT and it exactly parallels the scalar charge analog discussed recently by Armendáriz-Picón [8] in the context of EFBDT. For earlier works that use such wormholes (actually termed "drainholes" at that time) as particle model, attention is directed to the works in Ref. [9] . The investigation of classical and quantum scattering problems in such spacetimes have been carried out by Chetouani and Clement [10] , and Clement [11] .
The form of the solution (13)-(16) given by He and Kim [2] , withω → ∞, leads to the same zero mass wormhole as in the original gauge ξ = 0 but now with the limit ω → ∞ given by Eq.(6). Thus, we have here a φ=constant solution that is not a black hole, contrary to what one would normally expect, but a traversable Lorentzian wormhole in the EGRT with a nonvanishing stress tensor given by Eq.(25). This solution attains additional importance, given the fact that the ω → ∞ limit of JFBDT is supposed to lead only to the vacuum EGRT, in which case, the only known static spherically symmetric wormhole is the nontraversable Schwarzschild solution.
